Background. Adhesive materials used in orthodontics have contributed to the broadening of treatment options with fixed braces. The adhesive materials physically and chemically bond to the enamel surface and orthodontic bracket base, which, apart from offering advantages, also entails the risk of enamel damage when removing these materials from the tissue surface after the treatment is complete.
Introduction
The use of adhesive force in orthodontics may seem problematic due to the requirements specific to the field for which it is intended. When used in orthodontics, it should meet 2 requirements: be strong enough to support orthodontic brackets during the entire treatment, as well as resist the forces of chewing and tension caused by arches and the action and interference of patients. It should also be delicate enough to avoid enamel damage when removing brackets. 1 This strength is due to the fact that the bonding material sticks to the irregularities of the enamel surface and the base of the attached element. These irregularities result from using etching techniques. The enamel pellicle is removed and the enamel hydroxyapatites and a small amount of the inter-prism substance are dissolved, which results in the formation of micropores with a depth from 5 μm to 50 μm. 2 A 37% orthophosphoric acid solution is used for etching to condition enamel prior to the application of a composite material. The technique is based on the etching agent, adhesive system and composite material. To minimize the stages of attaching brackets, 3 separate elements were combined into 2, having the properties of an etching agent and bonding system. [3] [4] [5] Self-etching primers (SEP), due to the presence of an acidic primer, make it possible to exclude the use of an etchant agent. 6 Electron microscope studies showed a similar enamel etching pattern of self-etching and classical systems. 7 Self-etching primers exhibits a more classical etching pattern, [8] [9] [10] while maintaining optimal bond strength. 11 The adhesive strength of the self-etching system to the orthodontic brackets is from 20 MPa to 30 MPa, 11 i.e., it shows a range similar to that of classical acid etching. 12 The tests showed that the adhesive penetration range is smaller when using the self-etching system than normal etching. However, this is not a disadvantage, because the bigger the resin hooks in enamel, the greater the risk of its damage when removing brackets. 13 The forces generated during bracket removal can depend on many factors: etching method, type of bonding system, orthodontic material, polymerization methods, and type and architecture of the bracket base. 14, 15 An increase in adhesive strength increases the risk of enamel damage. 16 The tests presented in the article were carried out to check how bond strength affects enamel thickness after removing orthodontic brackets and whether the bonding system type affects the bond strength value.
Material and methods

Preparing the teeth for the experiment
The study was carried out in vitro on a group of 80 bovine teeth. The teeth were observed and selected in order to eliminate teeth with caries, cracks, hypomineralized enamel, or any other defects. The teeth were divided into 2 subgroups of 40 teeth each. The procedure of enamel etching was performed under laboratory conditions. In the 1 st subgroup, the classical method of enamel etching and the V generation bonding system (Transbond SEP Plus; 3M Unitek, Monrovia, USA) were used. In the 2 nd subgroup, the VII generation (self-etching) bonding system (Transbond XT; 3M Unitek) was used. All procedures were performed by the same operator. Prior to the treatment, each tooth surface was cleaned and prepared with the Air-Flow ® method (Clinpro Prophy Powder; 3M Espe AG, Seefeld, Germany), sprayed with water and dried with an air syringe for 15 s. For fastening orthodontic brackets, an orthodontic composite material Transbond XT Light Cure Adhesive (3M Unitek) was used. In the 1 st group, the vestibular surface of the tooth was etched for 30 s with a 37% solution of phosphoric acid Blue-Etch (Cerkamed, Stalowa Wola, Poland), rinsed with distilled water for 15 s and dried using compressed air. The adhesive system Transbond SEP Plus was rubbed with an applicator into the etched enamel surface for 15 s; then, the surface was dried under a gentle stream of air for 3 s and cured with a halogen lamp with light intensity of 750 mW/cm 2 for 20 s. The orthodontic composite material Transbond XT Light Cure Adhesive was applied to the bracket surface. The bracket was pressed against the enamel surface with commonly used tweezers. The orthodontic bracket was placed in the middle of the mesial-distal axis of the tooth, moving its center 3.5 mm away from the edge of the occlusal surface. The distance was measured using an orthodontic positioner. After proper placement of the bracket, the material was subjected to polymerization with a halogen lamp for 40 s.
In the 2 nd group, the self-etching adhesive system (Transbond XT) was used. The SEP, when applied to the tooth surface using an applicator, was left for 10 s, and then the excess was removed with an air stream for 5 s. After this time, the system was polymerized with a halogen lamp with light intensity of 750 mW/cm 2 for 20 s. The orthodontic composite material Transbond XT Light Cure Adhesive was applied to the surface of the bracket. The orthodontic bracket was placed onto the tooth surface using the method described above.
Analysis of the shear bond strength using a universal testing machine
In order to insert a tooth in the appliance of the universal testing machine, a block in which the tooth had been embedded with an exposition of its labial surface was required. A silicone mold with cuboid shaped notches was produced ( Fig. 1 ). One tooth was placed on a stick of wax and fixed into the notch with the labial surface upturned. The notch was filled up with autopolymerizable self-curing resin (SilaPress; Siladent Dr. Böhme & Schöps GmbH, Goslar, Germany). Due to the objective of this study, evaluating the differences in the initial shear bond strength (SBS), no thermocycling or other aging procedures were accomplished. During the whole time, the teeth were stored in saline solution, with the addition of sodium azide (50 mg/L), until the time of the measurements. For measurements of the debonding force, the specimens were positioned in the universal testing machine (TIRAtest-2720, TIRA GmbH, Schalkau, Germany). The shear force was applied with a stainless steel rod parallel to the long axis of the tooth (Fig. 2, 3) . A crosshead speed of 0.5 mm/min was chosen. The SBS was recorded by dividing the numerical value (N) of shear force by the base area (mm 2 ) of the bracket and converted to MPa in order to compare the measurements with those recorded in the literature.
Analysis of enamel thickness using optical coherence tomography
After the evaluation of SBS, the enamel was processed with the use of a micromotor mounted to a dental unit with a speed of 40,000 revolutions/min, water cooling and pressure force of 1.0 N. The force was measured on a test stand consisting of scales, on which the processed tooth was placed. The procedure of cleaning the enamel was considered to be finished on the basis of the naked-eye examination and by touching with the stylet 23 in the dental unit light. The assessment criterion was the smoothness of the tooth surface and the absence of the composite material residues. The area of the test teeth was imaged with a 3D optical coherence tomography (OCT) camera (Topcon, Oakland, USA; Fig. 4 ) 2 times: imaging of the tooth surface before installing orthodontic brackets and after mechanical processing.
Each time, 2D scans were performed allowing for a clear illustration of the enamel damage in a vertical plane. The procedure made it possible to show the entire surface of the tissue and perform the subsequent comparative analysis of changes in its structure. It was possible to obtain accurate scans of the surface and enamel structure of teeth with due repeatability during 3 examinations, owing to the matrix described above. The matrix allowed for repeatable tooth Figure 5 shows the pictures and scans obtained using the tomography device. The IT analysis was described and published. 17
Statistical analysis
IBM SPSS Statistics v. 24 software (IBM Corp., Armonk, USA) was used for statistical analysis. The basic descriptive statistics were calculated and the Kolmogorov-Smirnov test was performed to examine the normality of the distribution of 2 measured variables on a quantitative scale. Parametric tests were performed on all variables. Student's t-tests for independent samples and analysis of correlation with Pearson's r were carried out. The threshold α = 0.05 was adopted as the level of significance.
In the first step, the basic descriptive statistics were calculated and the Kolmogorov-Smirnov test was performed, examining the normality of the distribution. In the course of the analysis, it was shown that the shape of enamel thickness distribution deviates significantly from the normal distribution. In turn, the distribution of bond strength is consistent with the normal distribution. The compared groups are of equal size and in the case of enamel thickness, the variances are homogeneous and the skewness of this variable does not exceed the absolute value equal to 1. Therefore, analysis based on parametric tests was performed. The truthfulness of the obtained results in the Student's t-test was verified with the logarythmisation of the enamel thickness value and a simultaneous analysis was carried out on the transformed variable. The described results of basic descriptive statistics are presented in Table 1 .
Results
The effect of the adhesive system on enamel thickness and bond strength
Comparisons of 2 groups were made using Student's t-test for independent samples. The obtained results, presented in Table 2 , show that only bond strength is statistically significantly differentiated between the 2 compared groups. The mean bond strength in the V generation system group was 14.33 MPa, whereas in the VII generation system group it was 16.97 MPa. The VII generation adhesive system is characterized by statistically significantly higher bond strength compared to the V generation system. In the case of enamel thickness, no significant differences are observed, both in the case of non-transformed and logged variables. The mean value of enamel thickness in the V generation system group was 101.00 µm and in the VII generation system group -81.74 μm. The compared mean values together with the Student's t-test results are presented in Table 2 . Figures 6 and 7 present the distribution of enamel thickness and bond strength in the V and VII generation system groups.
Correlation between enamel thickness and bond strength
A correlation analysis was performed in the 2 compared groups to check if enamel thickness correlates with bond strength. All correlation coefficients presented in Table 3 turned out to be statistically insignificant. Therefore, there are no grounds for rejecting the null hypothesis and concluding that bond strength affects enamel thickness. This result was obtained for both the V and VII generation bonding systems.
Discussion
In the presented experiment, the Transbond XT was used in both test groups. It has been used in many studies, [18] [19] [20] [21] so the results can be comparable. The bonding material Transbond SEP Plus has also been proven to be one of the best bonds used in orthodontics. The Transbond products are one of the few (next to the Clearfil SE) materials that show an acceptable stress behavior under the thermocycling conditions, which can mimic the in vivo conditions. 20 Also, the risk of debonding-induced enamel defects is related to the bracket system used. 22 Therefore, only 1 bracket system has been used which was also used in earlier studies to get comparable results. 23 The use of a conventional conditioning system requires an etching agent, which is based on 37% phosphoric acid. n -number of observations; M -mean; SD -standard deviation; t -Student's t-test results; p -significance; 95% CI -95% confidence interval for the difference between means; LL -lower limit of the CI; UL -upper limit of the CI. The SEP include phosphoric acid esters with an unknown, but probably lower concentration. The mode of etching and priming of the 2 bonding systems is different. In our research, the effect of the enamel etching method on its thickness after the completed treatment was evaluated. The studies evaluated the entire tissue subjected to etching, measuring the thickness of the cross-section from the inside to the outer border of the tissue, so it was possible to measure all the layers obtained with OCT imaging, which after their combination reflected the entire enamel cross-section. The mean enamel thickness after the completed treatment when using the classical etching method was 101.00 μm and in the VII generation system group -81.74 μm. However, the differences found were not statistically significant. The results show that enamel thickness after the treatment and its possible damage does not depend in any way on the bonding system type. The other authors' studies suggest a smaller effect of the self-etching system on the enamel, and our experiment leads to the conclusion that the effect of both systems on enamel is similar. The difference in results in this respect is due to the fact that the methodology of compared studies differs. Our own research focused on the quantitative evaluation of enamel, whereas previously presented experiments of other authors such as Retief, 24 Arakawa et al., 25 Asmussen, 26 and Voss and Charbeneau 27 assessed enamel qualitatively. They measured the amount of dissociated calcium and the depth of penetration of resin hooks. Therefore, it can be concluded that the results of the compared tests are not contradictory, as they measure different enamel features. The use of an etching agent does not reduce enamel thickness due to the lack of abrasive abilities. The etching method can only indirectly affect the final tissue thickness by significantly weakening its structure, which increases the enamel sensitivity to the operator's actions during the removal of brackets and cleaning process. The assessment of the full thickness of the tissue has been difficult so far, which is why there are not many publications that can be referred to when discussing our own results. The next examined aspect was the bond strength of orthodontic brackets depending on the applied bonding system. In the reported results, the median SBS of the classical enamel etching method was 14.33 MPa, while in the VII generation system group it was 16.97 MPa. According to Reynolds, 28 the minimum SBS of any adhesive for clinical use should lay between 5.88 MPa and 7.84 MPa.
The mean values of all tested primers-adhesive combination or systems showed suitable SBS values, far exceeding the minimum value. Retief 29 reported the incidence of enamel fractures in specimens with in vitro bond strength values of 9.7 MPa. Even though the enamel can often withstand greater forces as indicated in the debonding force level reported, it is desirable to follow the instructions for debonding as recommended by the manufacturer to avoid enamel damage. 30 In our results, the SBS in both groups was higher but the presented method was performed in vitro and the in vivo situation can be different. Limited access and poor direct sight may be a problem in the posterior teeth. According to Heravi et al., 31 the SBS was below the clinically accepted values in most experimental groups. When light curing from the same side of the bracket is not possible, doubling the curing time and increasing the light intensity during trans-illumination are recommended for achieving acceptable bond strengths. Adhesion loss in the oral cavity can also be caused by thermal fluctuations and repetitive mechanical loads, fluid absorption, and biodegradation. [32] [33] [34] [35] Also, there was no correlation between SBS and enamel thickness. Many independent studies describe the features of selfetching systems, which include low aggressiveness in relation to the enamel. This causes significantly smaller, irreversible changes in the tissue compared to classical etching, and affects the production of shorter resin hooks. However, self-etching systems generate sufficient bond strength for the clinical procedure and fewer bonding errors in the enamel-bonding system phase than the classical etching method. 36, 37 
Conclusions
The bond strength between the orthodontic bracket and enamel is statistically significantly different in the group of classical enamel etching method and the self-etching system group, and is higher in the 2 nd group. There are no significant differences in enamel thickness depending on the bonding system type. No correlation has been found between enamel thickness and bond strength of orthodontic brackets to enamel.
